Although it is known that structural and functional changes in the pulmonary vasculature and parenchyma occur in the progress of chronic obstructive pulmonary disease (COPD), information is limited on early regional perfusion ( _ Q r ) alterations. Methods: We studied 6 patients with mild or moderate COPD and 9 healthy subjects (6 young and 3 age-matched). The PET 13 NN-labeled saline injection method was used to compute images of _ Q r and regional ventilation ( _ V r ). Transmission scans were used to assess regional density. We used the squared coefficient of variation to quantify _ Q r heterogeneity and length-scale analysis to quantify the contribution to total perfusion heterogeneity of regions ranging from less than 12 to more than 108 mm. Results: Perfusion distribution in COPD subjects showed larger _ Q r heterogeneity, higher contribution from large length scales and lower contribution from small length scales, and larger heterogeneity of _ Q r normalized by tissue density than did healthy subjects. Dorsoventral gradients of _ V r were present in healthy subjects, with larger ventilation in dependent regions, whereas no gradient was present in COPD. Heterogeneity of ventilation-perfusion ratios was larger in COPD. Conclusion: _ Q r is significantly redistributed in COPD. _ Q r heterogeneity in COPD patients is greater than in healthy subjects, mainly because of the contribution of large lung regions and not because of changes in tissue density or _ V r . The assessment of spatial heterogeneity of lung perfusion with 13 NN-saline PET may serve as a vascular biomarker in COPD.
Although it is known that structural and functional changes in the pulmonary vasculature and parenchyma occur in the progress of chronic obstructive pulmonary disease (COPD), information is limited on early regional perfusion ( _ Q r ) alterations. Methods: We studied 6 patients with mild or moderate COPD and 9 healthy subjects (6 young and 3 age-matched). The PET 13 NN-labeled saline injection method was used to compute images of _ Q r and regional ventilation ( _ V r ). Transmission scans were used to assess regional density. We used the squared coefficient of variation to quantify _ Q r heterogeneity and length-scale analysis to quantify the contribution to total perfusion heterogeneity of regions ranging from less than 12 to more than 108 mm. Results: Perfusion distribution in COPD subjects showed larger _ Q r heterogeneity, higher contribution from large length scales and lower contribution from small length scales, and larger heterogeneity of _ Q r normalized by tissue density than did healthy subjects. Dorsoventral gradients of _ V r were present in healthy subjects, with larger ventilation in dependent regions, whereas no gradient was present in COPD. Heterogeneity of ventilation-perfusion ratios was larger in COPD. Conclusion: _ Q r is significantly redistributed in COPD. _ Q r heterogeneity in COPD patients is greater than in healthy subjects, mainly because of the contribution of large lung regions and not because of changes in tissue density or _ V r . The assessment of spatial heterogeneity of lung perfusion with 13 NN-saline PET may serve as a vascular biomarker in COPD.
Key Words: positron-emission tomography; pulmonary circulation; chronic obstructive pulmonary disease; pulmonary gas exchange; length scale analysis Chroni c obstructive pulmonary disease (COPD) produces marked changes in the distribution of alveolar gas, ventilation, and perfusion (1, 2) . However, there is still limited knowledge on the topographic distributions of lung perfusion and ventilation in COPD subjects, despite the significant effect of those distributions on gas exchange (3) .
Changes in the pulmonary circulation have significant clinical importance in COPD. For example, pulmonary hypertension is an independent predictor of poor prognosis (4, 5) . The remodeling of lung tissue, represented radiographically by the redistribution of regional lung density (D r ) (1, 6) , is thought to affect the redistribution of regional lung perfusion ( _ Q r ) in COPD (7) . Using PET of a single lung slice, Brudin et al. (8) observed that the ratio of _ Q r to extravascular density was similar in chronic bronchitis and emphysema, implying that the loss of vascular structures parallels tissue destruction. However, vascular structural changes without tissue loss have been reported (9) . Furthermore, recent studies showed vascular dysfunction such as reduction in the expression of prostacyclin synthase (10) and downregulation of nitric oxide production in pulmonary arteries (11) during COPD.
Although it has been documented that perfusion heterogeneity increases during COPD (2), it is not known whether topographic changes in perfusion are detectable early in the disease process and at what structural level (length scale) the increase in heterogeneity occurs (lobar, segmental, or subsegmental). The relevance of understanding such perfusion changes has been recently stressed by the hypothesis that early changes in perfusion could precede changes in tissue density in COPD (12) . In that case, because progressively larger regions of low density are observed in the lungs of COPD subjects as disease severity increases, it could be speculated that changes in perfusion toward larger length scales would be expected during milder stages of the disease.
Early investigations with planar xenon scans showed decreased ventilation and ventilation-to-perfusion ( _ V A / _ Q) ratio in basal pulmonary regions of subjects with chronic bronchitis (13) , whereas apical regions were found to be more affected in subjects with early emphysema (13) . Less is known about the vertical (i.e., dorsoventral) gradient of ventilation in supine spontaneously breathing COPD subjects. This gradient is likely affected by changes in lung expansion and thoracic cage movement observed during COPD-that is, by a reduced vertical gradient of lung inflation (6) and a possibly more uniform diaphragmatic excursion along the dorsoventral axis (14) . In COPD subjects, compared with healthy subjects, such factors would be expected to reduce the vertical gradient of ventilation.
We have developed methods to estimate _ Q r and regional ventilation ( _ V r ) using PET, including tracer kinetics analysis to assess small-length-scale ventilation and _ V A / _ Q heterogeneity within the imaging resolution unit (voxel) (15) (16) (17) (18) . In the present study, we used these techniques to quantify the topographic distributions of perfusion, ventilation, and gas fraction in supine healthy and COPD subjects to test the following hypotheses: _ Q r is topographically redistributed during COPD, with length-scale components of perfusion heterogeneity larger than those observed in healthy subjects; perfusion heterogeneity in COPD subjects is larger than that in healthy subjects, even when changes in regional lung density are accounted for; and the vertical gradient of regional ventilation is smaller in COPD than in healthy subjects.
MATERIALS AND METHODS

Subjects
The study was approved by the Institutional Review Board of the Massachusetts General Hospital. Inclusion criteria were adult volunteers of either sex (age, 18-65 y) with mild or moderate COPD at the time of recruitment, as defined by Global Initiative for Chronic Obstructive Lung Disease criteria (19) . Exclusion criteria were severe COPD (forced expiratory volume in 1 s [FEV 1 ], ,30% predicted), continuous oxygen therapy, daily oral steroids for COPD, inability to lie flat or to hold the breath for more than 20 s, PaO 2 less than 70 mm Hg, bicarbonate greater than 27 mEq/L, ischemic heart disease or heart failure (or ejection fraction , 40%), pulmonary hypertension (mean pulmonary artery pressure . 25 mm Hg), other known lung disease or exposure to agents associated with pulmonary disease (i.e., asbestos, silica), and pregnancy.
Fifteen subjects were studied: 6 young healthy subjects, 6 subjects with COPD, and 3 healthy subjects who were agematched to the COPD subjects. COPD subjects were receiving bronchodilators (albuterol, n 5 5, and ipratropium bromide, n 5 3) and inhaled steroids (n 5 4) as part of their treatment, and these were maintained on the day of the study. Subjects were free of infections or exacerbations for 1 mo before the study (no oral prednisone or antibiotics) and did not have any other known cardiac or pulmonary disease, particularly asthma.
Emphysema was assessed by an experienced radiologist using 1.25-mm sections of high-resolution CT in 5 COPD subjects, including the 3 with the lowest spirometry values. The assessment was based on identifying visibly dilated airspaces on lung windows (window width, 1,500 Hounsfield units; window level, 2500 Hounsfield units) in 3 sections in each of 3 z-axis lung zones (apex-aortic arch, aortic arch-left atrium, and left atriumdiaphragm). Mild emphysema (involvement of less than 10% of lung area, which was limited to the upper zone) was identified in 4 of 5 subjects. Mild to moderate emphysema (involvement of 10%220% of lung area in the upper 2 lung zones) was identified in 1 subject.
All healthy subjects were nonsmokers and nonobese and had normal pulmonary function tests. Informed consent was obtained from each subject before the study. All subjects (healthy and COPD) underwent upright spirometry, lung volume, and diffusing capacity for carbon monoxide measurements on the day of the study (Table 1) .
Experimental Procedures
Imaging Protocol. A catheter was placed in an antecubital vein for radioisotope injection. Subjects were positioned supine and with arms abducted on the scanner table. Pulse oximetry was monitored and lung volume was continuously measured by impedance plethysmography (Respitrace; Non-Invasive Monitoring Systems). After acquisition of a transmission scan, subjects were instructed to take 2 consecutive deep breaths. During the exhalation phase of the second breath, subjects were instructed to stop exhaling for 30-40 s, when mean lung volume was reached. Mean lung volume was identified during 1 min of steady breathing before the 2 deep breaths. Simultaneously with the beginning of apnea, a bolus of 13 NN-saline was injected intravenously, and a PET emission scan consisting of 28 frames (8 · 2.5, 16 · 5, and 4 · 30 s) was initiated (15, 17, 18) . At the end of apnea, the subjects were instructed to resume breathing matching their baseline respiratory rate and tidal volume displayed on a screen.
PET. We used a PC-4096 PET scanner (Scanditronix AB) that imaged 15 contiguous 6.5-mm-thick slices of the thorax, providing 3-dimensional information over a 9.7-cm-long cylinder. Subjects were positioned in the PET scanner to include the largest amount of lung volume within the imaging field. Transmission scans (10 min) were recorded using a rotating pin source of 68 Ge/ 68 Ga. These scans were used to correct the emission scans for energy attenuation caused by body tissues and supporting structures, demarcate the lung field, and compute D r and gas fraction (F gas ). Lung density was computed by scaling the transmission scan to a range of 0 (defined as the attenuation of air) to 1 (defined as the attenuation of the heart). F gas was computed as (1 -D r ) and represented the fraction of the volume of a voxel occupied by gas. Emission scans were obtained using the 13 NN-saline bolus infusion technique described in detail previously (15, 17) . A sample of the infusate was collected to assess its specific activity in a well counter cross-calibrated with the PET scanner. The total administered dose per scan was 457 6 171 MBq.
PET Image Analysis
Emission scans were reconstructed with correction for detector sensitivity and for tissue attenuation using a convolution backprojection algorithm with a Hanning filter, yielding an effective measured spatial resolution of 8.3 mm. Resulting images consisted of an interpolated matrix of 128 · 128 · 15 voxels of 4 · 4 · 6.5 mm. To reduce imaging noise, scans were low-pass-filtered to 13 · 13 mm in the image plane, and a 2-point moving average filter was applied in the z-axis to a final volumetric resolution of approximately 2.2 cm 3 .
The lung fields were defined by thresholding the transmission scans and then manually removing regions corresponding to main bronchi and large pulmonary vessels (15) . Images of _ Q r were obtained by calculating the mean 13 NN activity per voxel measured from the plateau phase of the 13 NN kinetics during the apnea (17) . Mean-normalized _ Q r was computed as the ratio between tracer concentration in each voxel and mean tracer concentration of all voxels in the imaged lung field. Specific ventilation (s _ V r ) was computed as previously described (17, 20) from the tracer kinetics over the entire washout period, using a 2-compartment analysis to account for intravoxel ventilation heterogeneity. An indicator of absolute _ V r was calculated as the voxel-by-voxel product of regional s _ V r and gas content ( _ V r 5 s _ V r ÁF gas ). Mean-normalized _ V A / _ Q distributions were computed as previously described (17) . This analysis also takes into account the presence of _ V A / _ Q heterogeneity underlying the voxel size. The computed _ V A / _ Qs were grouped on a logarithmic scale into bins of equal width ranging from 23 to 2 (i.e., _ V A / _ Q 5 0.001-100), with a bin width of 0.1. The heterogeneity of the _ V A / _ Q distribution was calculated as the SD over the mean (CV _ VA/ _ Q ). In addition, an index of low and shunting _ V A / _ Q areas (shunt) was computed as the fraction of total perfusion reaching areas with _ V A / _ Qs smaller than 0.001.
For each voxel, _ Q r , s _ V r , _ V r , and F gas were regressed versus the vertical distance from the most dependent point of the imaged lung field. Gradients, measured from the slope of the corresponding regression line, were expressed in percentage of the mean per centimeter. Negative gradients indicate a decrease of the variable from the dependent to the nondependent regions.
Perfusion-to-density ratios ( _ Q r /D r ) were computed by voxelby-voxel division of _ Q r by the respective D r . Squared coefficients of variation (CV 2 5 [SD/mean] 2 ) were used to quantify the spatial heterogeneity of
, and F gas (CV 2 Fgas ) (21).
Perfusion Heterogeneity
Heterogeneity of perfusion was determined after removing the contribution of low-count statistics (imaging noise) to the total heterogeneity of 13 NN apnea images (15) . Briefly, we identified in the time-activity curve of the PET scan all apnea frames in which pulmonary tracer activity remained virtually constant. A minimum of 3 such frames was present for each scan. To estimate the contribution of imaging noise to total heterogeneity, we timeaveraged the voxel activity of all possible combinations of plateau frames and calculated the heterogeneity of each combination image (15) . We then regressed the heterogeneity of each combination image versus the inverse of the time-activity product of each image (1/[activityÁtime]), which is proportional to the number of counts of the image. The y-intercept of the linear regression represents the estimated heterogeneity of perfusion after correction for the effect of low-count statistics (CV 2 _ Qr ). The contribution of the vertical gradient to this heterogeneity was calculated as:
Qr grad is the coefficient of determination of the regression yielding the vertical gradient. The residual heterogeneity (i.e., the heterogeneity of perfusion not explained by the vertical gradient) is then:
Qr grad : Eq. 2
Length-Scale Analysis
The contribution of different length scales to perfusion heterogeneity was assessed by computing CV 2 _ Qr res over a range of spatial resolutions. This calculation was performed as follows. The 13 NN scans were low-pass-filtered at 12, 36, 60, 84, and 108 mm, with correction for edge effects (22) , and CV 2 _ Qr res was computed for each filter size. The absolute contribution of the specific length-scale range to CV 2 _ Qr res (CV 2 _ Qr LS1-LS2, where LS1-LS2 is the length-scale range) was calculated as the difference in CV 2 _ Qr res between the 2 successive filter sizes:
Qr res LS2; Eq. 3
where CV 2 _ Qr res LS1 and CV 2 _ Qr res LS2 are the CV 2 _ Qr res computed for the images low-pass-filtered at LS1 and LS2.
The relative contribution of length scales was computed by dividing the absolute contribution of the specific length-scale ranges by CV 2 _ Qr res at 12-mm filter size. Similarly, the contribution of different length scales to the heterogeneity of F gas was assessed by low-pass filtering the transmission scan at 12, 36, 60, 84, and 108 mm and computing corresponding CV 2 Fgas :
Qr res LS2; Eq. 4
where CV 2 Fgas LS1-LS2 is the contribution of the length-scale range LS1-LS2 to F gas heterogeneity, and CV 2 Fgas LS1 and CV 2 Fgas LS2 are the CV 2 Fgas computed for the transmission scans low-pass-filtered at LS1 and LS2.
Statistical Analysis
One-way ANOVA was used for comparisons between the groups of young healthy subjects, age-matched healthy subjects, and COPD subjects. When a probability value under 0.05 was found for the overall comparison, specific comparisons between individual groups were performed. Adjustment for multiple comparisons was performed using the Tukey-Kramer method
RESULTS
General characteristics of the subjects are presented in Table 1 . COPD subjects showed lower FEV 1 , higher lung volumes, and lower CO diffusing capacity than did healthy controls.
Regional F gas
Mean F gas was similar in young and age-matched healthy subjects and not significantly higher in COPD patients ( Fig.  1A ; Table 2 ). No significant difference was observed in the overall spatial heterogeneity of F gas (CV 2 Fgas ) between healthy controls and COPD subjects ( Table 2 ). The length-scale components of CV 2 Fgas were also similar among the groups (Fig. 2A) . Dorsoventral gradients of F gas in the healthy subjects were positive, indicating greater F gas in nondependent than in dependent lung regions (Table 2 ). In contrast, those gradients were not significantly different from zero in COPD subjects. Consistent with this, the component of CV 2 Fgas attributable to the vertical dependence of F gas was negligible in COPD.
Regional Ventilation and Ventilation-Perfusion Distributions s _ V r was on average lower and more heterogeneous in COPD than in healthy subjects (Table 2) . In COPD subjects, PET images at the end of the washout showed regions of tracer retention dispersed throughout the lungs. In healthy subjects, the vertical gradient of s _ V r was negative ( Table 2 ), indicating that s _ V r was larger in dorsal than in ventral regions. In contrast, for COPD subjects, the vertical gradients of both s _ V r and _ V r were not different from 0. The Spearman rank correlation coefficient between the vertical gradients of s _ V r and F gas for all the subjects studied was 0.84 (P , 0.001).
_ V A / _ Q distributions were unimodal in healthy and COPD subjects. The distribution of _ V A / _ Q ratios in COPD subjects was significantly broader than in young healthy subjects and also tended to be broader than in age-matched healthy subjects (Table 3) . Furthermore, the component of the _ V A / _ Q distribution corresponding to low _ V A / _ Q and shunting regions was greater in COPD subjects than in both healthy groups (Table 3) .
Regional Perfusion Distribution
Vertical dependence of perfusion was observed for all groups, with negative slopes of the vertical gradients, indicating higher perfusion in the dorsal than in the ventral regions (Table 3) . Vertical _ Q r gradients tended to be steeper, although not significantly so, in young healthy subjects than in COPD and age-matched healthy subjects. Heterogeneity of _ Q r was similar in young and age-matched healthy subjects but significantly larger in the COPD subjects (Table 3 ; Fig. 1B) .
Perfusion heterogeneity was similar between agematched and young healthy subjects across all length-scale components (Fig. 2B) . In contrast, in COPD subjects we found a larger _ Q r heterogeneity than in healthy subjects at all length scales (Figs. 1B and 2B) . Remarkably, for length scales between 60 and 108 mm there was no overlap between CV _ Qr 2 of healthy and COPD subjects (i.e., the _ Q r heterogeneity measurements at these length scales completely separated the COPD from the healthy groups). COPD subjects showed a greater relative contribution from large (.60 mm) than from small (12-36 mm) length scales to total _ Q r heterogeneity (Fig. 3) . Large length-scale changes in _ Q r were not consistently spatially matched to those in s _ V r (Fig. 4) . Distributions of regional _ Q r /D r were unimodal for all groups but significantly broader in COPD than in healthy FIGURE 1. Representative PET images of regional F gas (A) and mean normalized perfusion ( _ Q r ) (B) in supine young healthy and COPD subjects for different topographic filter sizes. Images are transverse tomographic sections, with color scale representing either F gas (A) or 13 NN activity (B). Left side in image corresponds to left lung. Heterogeneity is present in _ Q r but not F gas for COPD subjects at larger filter sizes, indicating large length-scale heterogeneity.
subjects (Fig. 5). CV 2 _
Qr/Dr was 2 to 3 times larger in COPD than in either age-matched or young healthy subjects (Table 3) ; that is, the increased heterogeneity of perfusion persisted when _ Q r was normalized by regional tissue density.
DISCUSSION
The following are the main findings of this study. First, _ Q r distribution in subjects with COPD is markedly different from that in healthy subjects. Absolute perfusion heterogeneity is higher at all length scales in subjects with COPD. However, that increase is topographically uneven, with a greater relative contribution of larger length scales to perfusion heterogeneity in COPD subjects and of smaller length scales in healthy controls. Second, the difference in perfusion heterogeneity between COPD and healthy subjects cannot be explained exclusively by changes in regional density, because such a difference persists after normalization by tissue density. Finally, s _ V r is distributed more heterogeneously but with a smaller dorsoventral gradient in COPD than in healthy subjects.
Regional F gas
There was no difference between groups in F gas heterogeneity or length-scale components, except for the higher component due to the vertical gradient of F gas in healthy subjects. MRI studies in advanced COPD found an increased heterogeneity in the apparent diffusion coefficient, an index of the size and morphology of the distal airways (23) . Our finding is, thus, consistent with mild COPD, with changes in the length-scale distribution of F gas not yet marked enough to deviate from those in healthy subjects.
We found no systematic vertical gradient of F gas in COPD, in contrast to significant gradients in healthy subjects. This finding agrees with CT results and is likely due to reduced elastic recoil and airway obstruction causing gas trapping in dependent zones (1, 6) .
Perfusion Distribution
Vertical gradients of perfusion with increased blood flow in dependent regions were more pronounced in young healthy subjects than in COPD and age-matched healthy subjects. This result in healthy subjects is consistent with studies using MRI (24) , SPECT (25) , and PET (15) .
Perfusion was more heterogeneously distributed in COPD than in healthy subjects, in line with known pathologic changes in the pulmonary circulation during COPD (26, 27) . MRI studies of subjects with severe COPD showed increased perfusion heterogeneity (28) and revealed that most perfusion defects were heterogeneous and located in areas of low attenuation on CT (29) . Our results advance those findings by showing that increased _ Q r heterogeneity is also present and detectable with PET in mild COPD, even before significant changes in tissue density.
Moreover, the topographic study of _ Q r heterogeneity with length-scale analysis evidenced several distinctions between COPD and healthy subjects, independent of age. Absolute _ Q r heterogeneity was increased at all length scales in the lungs of COPD subjects, compared with those of healthy subjects. This increase was particularly evident at length scales between 60 and 108 mm, in which there was no overlap between those groups (Supplemental Fig. 1 ; supplemental materials are available online only at http:// jnm.snmjournals.org). When the relative contribution of length scales to _ Q r heterogeneity was calculated, segmental to lobar-sized regions contributed significantly more to global perfusion heterogeneity in COPD than in healthy subjects. In contrast, the contribution of regions in the 12-to 36-mm range to global perfusion heterogeneity was significantly larger in healthy subjects.
Changes in the pulmonary circulation in COPD have been traditionally viewed as the result of destruction of the (5, 7, 26) . In fact, Brudin et al. implied that the loss of vascular structures parallels tissue destruction in emphysema (8) . Although this may occur in advanced COPD, it does not seem to apply in our subjects with milder disease. Indeed, if tissue loss were the only factor explaining the differences in perfusion heterogeneity, the _ Q r /D r distribution should have been similar in COPD subjects and healthy subjects. Instead, we found a significantly larger _ Q r /D r heterogeneity in COPD than in healthy subjects, implying that a significant component of perfusion redistribution in mild COPD is associated with factors unrelated to regional density. Finally, the fact that topographic changes of perfusion did not match those of ventilation (Fig. 4) and that _ V A / _ Q heterogeneity was higher in COPD subjects suggests that HPV was not a dominating factor in the observed redistribution of _ Q r .
Vascular dysfunction and remodeling would be likely mechanisms contributing to the increased _ Q r /D r heterogeneity. Recent studies indicated the direct vascular effect of tobacco smoke on the intrapulmonary vessels leading to aberrant vascular function and remodeling (5, 7) . Endothelial dysfunction has been documented in COPD by the altered pulmonary kinetics of 123 I-metaiodobenzyl-guanidine (30) , loss of nitric oxide-dependent relaxation in extrapulmonary arterioles (31) , reduced expression of prostacyclin synthase in pulmonary arterioles (10) , increased circulating levels of endothelin (32) , and increased apoptosis of alveolar endothelial and epithelial cells (33) . These factors compound with pulmonary vessel intimal thickening during mild disease that progresses to medium and adventitia thickening in moderate and severe COPD (9) . Independent of the exact mechanisms, the observed heterogeneity of perfusion, before significant F gas changes are present, could represent the initial inflammation and remodeling stages of the pulmonary circulation that precede pulmonary hypertension, a well-established ominous prognostic sign in COPD (4) . In this case, an important implication of our findings is that the detected changes in _ Q r and _ Q r /D r distribution could represent a component of vascular alterations preceding tissue destruction and potentially amenable to treatment. Longitudinal studies of subjects at risk for COPD, potentially using PET/CT techniques, will be needed to verify this hypothesis. In light of the promise of imaging biomarkers to study lung disease (34) , our results suggest the potential role of the distribution of _ Q r and _ Q r /D r as important biomarkers in COPD.
Why an increased contribution from large length scales to _ Q r heterogeneity would derive from those vascular changes is currently unknown. Potentially, those changes could result in altered control of _ Q r in large vessels or in anatomically clustered small vessels. This could occur if large or groups of small vessels became more muscularized or active in COPD (9) or if loss of vasculature or modification of regional vasoreactivity at the alveolar or small-lengthscale level would produce a network effect amplifying the role of larger vessels in the regional control of perfusion, analogous to the mechanism resulting in hypoventilation clusters in patients with asthma (35) . Higher perfusion heterogeneity at large length scales could also be a precursor of the patchy tissue destruction in later stages of COPD. In fact, the decrease of perfusion to inflamed areas has been hypothesized as a cause of parenchymal destruction in COPD (12) . Additionally, if tissue properties change with perfusion redistribution, local mechanical forces may be amplified and facilitate stress failure and tissue destruction (36) .
Regional Ventilation
COPD subjects presented lower mean s _ V r and larger ventilation heterogeneity than healthy subjects, in accordance with previous studies (2, 13) . The negative ventilation gradients we found in healthy subjects are consistent with FIGURE 2. Squared coefficient of variation (CV 2 ) of regional F gas (A) and mean normalized perfusion ( _ Q r ) (B) pertaining to different length-scale ranges and vertical gradient (v grad ) in 3 groups studied: young healthy subjects (n 5 6), age-matched healthy subjects (n 5 3), and COPD subjects (n 5 6). CV 2 Fgas was similar among all groups at each length scale. In contrast, CV 2 _ Qr heterogeneity was larger in COPD subjects than in healthy subjects for all length scales. CV 2 _ Qr was similar at each length scale for groups of healthy subjects. *0.05 , P , 0.10. **P , 0.05. ***P , 0.005. previous studies (37) and with larger excursion of the dependent portion of the diaphragm in these subjects (38) . Such results also suggest that the changes in the vertical gradient of s _ V r are more likely due to the disease process than to aging. Changes in chest wall expansion and diaphragmatic motion could also contribute to changes in regional ventilation, despite significant controversy on this issue (39, 40) . Our findings that the vertical gradient of ventilation is smaller in COPD whereas total ventilation heterogeneity is higher also suggest that heterogeneity at the isogravitational level is higher in COPD than in healthy subjects.
Ventilation-Perfusion in Supine COPD
We found increased _ V A / _ Q heterogeneity with broad unimodal _ V A / _ Q distributions, consistent with the moderate degree of disease in our subjects (2) . The finding that CV 2 _ Qr and CV 2 s _ Vr were larger in COPD than in healthy subjects implies that the increased _ V A / _ Q mismatch was due to maldistributions of both ventilation and perfusion. The increased _ V A / _ Q heterogeneity also implies that, even if HPV were present, the spatial _ Q r heterogeneity in COPD subjects did not completely match s _ V r heterogeneity.
Methodologic Aspects and Limitations
Limitations of the used techniques have been discussed in detail (15, 17) . Although PET scans have lower resolution than do CT scans, their in-plane resolution of 6 mm is largely sufficient to quantify functional imaging parameters such as F gas and vertical gradients (15) . The resolution of the PET scans defines the lower boundary for the quantification of F gas and _ Q r heterogeneity, which we set at 2 times the in-plane resolution ($12 mm). Registration errors may occur at the voxel level between images acquired during breath-hold ( _ Q r ) and during breathing (s _ V r , D r , F gas ) and affect estimates of small-length-scale heterogeneity. Percentage contribution of length-scale ranges to perfusion heterogeneity (relative CV 2 _ Qr ) in 3 groups studied: young healthy subjects (n 5 6), age-matched healthy subjects (n 5 3), and COPD subjects (n 5 6). Contribution of lower length-scale heterogeneity is greater in both normal groups, in contrast to greater contribution of large length-scale heterogeneity in COPD. **P , 0.05. ***P , 0.005. However, the observed separation between COPD and healthy groups at larger length scales is not likely to be affected by such errors. Because the same imaging methods were used in each subject, differences among groups cannot be explained by misregistration errors, which would be equivalent in all groups. Furthermore, we demonstrated previously (17) a high correlation between direct measurements of arterial blood gas and blood gas estimates derived from our images of _ Q r and s _ V r , even for significantly heterogeneous _ V A / _ Q distributions. This suggests that motion artifacts were not large enough to compromise the quantitative value of the techniques in healthy and disease conditions. Sex was distributed unevenly in the groups. There is no evidence in the literature or in our data that sex affects the topographic distribution of perfusion, ventilation, or F gas . Consequently, it is unlikely that sex imbalance would explain our results.
CONCLUSION
We found a significant topographic redistribution of _ Q r in subjects with COPD, despite there being only mild emphysematous changes in 5 of 6 by CT. The larger perfusion heterogeneity could not be explained exclusively by changes in regional tissue density. The observed changes in _ Q r , detected noninvasively with PET, may warrant further investigation as an early biomarker of the pulmonary vascular involvement in COPD. 
